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By James R. Gandy
This thesis describes a ventilation engineering study to determine
the resistance across return stoppings on continuous miner
development sections.  By determining the resistance across return
stoppings, one equivalent resistance branch can be created to model
leakage across a return stopping line on a development section.  This
thesis evaluates four types of return stoppings to determine which
construction techniques and materials provide the highest resistance,
thus allowing minimal leakage from the intake to return entry.
The first phase of the thesis outlines the data gathering process
including; station locations, equipment requirements and techniques.
Second, the data is used to create a model from which the resistance
per stopping is calculated, thus evaluating the stopping performance.
Using the ventilation simulation model to obtain leakage resistance
branches, the parallel resistance formula provides an equivalent
resistance branch.
The equivalent resistance branch results are then used to
evaluate leakage at different section locations.  Special attention is
given to changes in leakage due to changes in pressure differential
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INTRODUCTION
1.1 Statement of the Problem
The primary function of mine ventilation is to dilute, render
harmless, and carry away dangerous accumulations of gas and dust
from the working environment.(1) The ventilation system must be
designed to provide a cost efficient means of delivering sufficient
quantities of air to ensure a safe working environment while
maximizing productivity.  For efficient mine ventilation, two problems
that require continuous planning are (1) the control of fugitive air
(through short-circuiting or leakage) and (2) the necessity to have
enough airway capacity to provide the quantity of air needed at all
face locations and throughout the mine.
Fugitive air is that quantity of air that enters the system but short-
circuits the ventilation network through stoppings, doors, and
overcasts.  The amount of leakage through stoppings is a function of
the pressure difference across the stopping, the resistance that is
provided by the construction material and the surrounding roof and
ribs.
Leakage is an investment in power consumption (horsepower to
move the air by fan) while providing little or no benefit to mine
ventilation.  Typically, efficient mines are those that can deliver 50% of
the air handled by their fans to the working faces.(2)  Large amounts of
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leakage require fans to handle greater quantities of air resulting in
ncreased power costs.
Higher power cost is just one of the problems leakage creates. In
a continuous miner development section the air quantity of the last
open crosscut usually range from 25,000 to 50,000 cfm, depending
the amounts of methane liberated, geological conditions and the
mining methods used.  Current federal law requires a minimum air
velocity of 60 fpm in working places, and respirable dust levels
(particles less than 5 microns in size) cannot exceed an average of
2.0 mg/m3 of air per shift.  In working areas, methane accumulations
shall not exceed 1.0%.(1)  The inability to meet these federal
requirements causes health, safety and production problems for the
mine.
Higher face air requirements and the demand on companies to
produce coal in a cost efficient manner require better ventilation
practices.  To improve these practices, engineering techniques are
superior to the in mine, trial-and-error method.  By minimizing leakage
on continuous miner development sections, the air quantity of the last
open crosscut will increase and horsepower consumption at fan
installations will be reduced, thus lowering power cost.
Although many companies conduct ventilation surveys at their
operations, very little research has been done on the evaluation of
resistance across return stoppings.  This analysis of the resistance
3
across continuous miner development section return stoppings is
fundamental to the determination of leakage on production sections.
1.2 History
The first experiences with pressure losses in mine ventilation
systems were reported by J. A. Saxe, then chief engineer of the
Ellsworth Collieries, in 1929.(3)  A detailed report(4) on air pressure
surveying was published in England in 1931 by J. N. Williamson.  Two
additional papers published by Williamson(5)(6) initiated the interest in
ventilation surveys in the United States mining industry.  R. T. Antz, a
Bureau of Mines engineer, made a limited number of ventilation
surveys in bituminous coal mines, which produced reliable results.
In order to determine the resistance across return stoppings, data
must be gathered from the mine ventilation network.  Mine ventilation
pressure and air quantity data are essential in the study of ventilation
problems, to project future ventilation requirements, and to delineate
segments of the system in which conditions are adversely affecting
system efficiency.(7)  Pressure and air quantity surveys make it
possible to locate areas of excessive resistance and determine the
feasibility of correcting existing problems.  The data collected from the
pressure and quantity surveys can be used to identify airway




The purpose of this thesis is twofold.  The first is to evaluate the
resistance across four different types of return stoppings.  The second
is to find the equivalent resistance that can be assigned to one
leakage branch that can be used to represent the leakage for an entire
return stopping line.
To achieve the two goals of this thesis, ventilation surveys were
conducted on five continuous miner sections at four underground
mines.  The data was then processed and five network models were
constructed.  The individual leakage branches were then combined
using the parallel resistance formula to develop an equivalent




The data to develop the ventilation models was gathered from four
underground mines in northern West Virginia and southwestern
Pennsylvania.  The mines extract coal from the Pittsburgh #8 seam
using longwall mining as the primary mining method.  A description of
each mine can be found in table 2.1.1.


















A 6.5-7.0 700 7.3 Exhaust 3 2
B 7.5-8.0 950 4.9 Exhaust 3 1
C 7.5-8.0 650 4.8 Exhaust 3 1
D 6.5-7.0 500 4.5 Exhaust 2 1
Ventilation studies were conducted on five continuous miner
development sections at the four mines.  Each of the sections was
being mined for longwall gate development.  Table 2.1.2 gives a
layout of each section that was studied.







4 E A 5790 3 No
6 Left B 5310 3 Yes
13 D C 1350 3 No
12 D C 5250 3 No
9 Right D 7130 3 No
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2.2 Ventilation Survey
A ventilation survey was conducted on each section.  The first
step in the planning of the ventilation survey is to set up station
locations.  The survey area was made up of the entire section (inby
the return regulator to the last return stopping in the face area).
Figure 2.2.1 shows a typical station layout for a development section
ventilation survey.  The stations are placed in a manner which will
allow cut sequences to be made across the section.  The cut
sequences divide the section into segments for which the quantities
can be balanced so that leakage can be determined.  The distance
between station cuts ranged from 400 ft -2000 ft. depending on
section layout.
In order to have a complete ventilation survey, a wide variety of





4. 25 ft. Tape Measure
5. Vane Anemometer
The microbarograph is used to take a continuous recording of the
barometric pressure fluctuations during the ventilation survey.  The
microbarograph is placed at the base station (usually at the bottom of
he man-shaft) to record the changes in barometric pressure.  The
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base station instrument provides a reference to which pressures at
other stations may be compared and adjusted when computing
pressure differences(8).
An aneroid altimeter was used to determine the pressure at each
station.  The altimeter records the difference in the vertical component
on the static pressure gradient(8).  The altimeter indicates the
instantaneous static pressure at each survey station in terms of height
of a theoretical air column.  Differences found in altimeter readings are
the result of the combined effects of the following:
1. Changes in atmospheric pressure due to airway
resistance.
2. Changes in the elevation at one station with respect to
another or the base station.
3. Variations in temperature.
4. Variations in air velocity and the resultant static and
velocity pressures.
Differences in air density due to changing humidity have an effect
on barometric pressure.  To take this effect into consideration, the
station altimeter readings must be adjusted. The determination of
humidity requires wet and dry bulb temperature readings, using a sling
psychrometer.  The value of the vapor pressure is determined from
wet and dry bulb temperature values and the barometric pressure(9).
Air quantity readings were taken at each station on the
development section with a vane anemometer.  To ensure better
accuracy of the air readings, two readings were taken at each
location.  A full area traverse was used. Vane anemometers register a
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velocity within plus or minus-10 percent of the true velocity(10).  If the
velocity readings differed by more than 20 fpm, additional reading
were taken to come within 20 fpm of one of the previous readings.
The entry height and width of each reading location was measured
and recorded.  Sloughage and other obstacles in the traversed plane
were measured and entered into the raw data sheet (see Figure 2.2.2
for an example raw data sheet).
2.3 Data Processing
The first step in the raw data computation is to interpret the
microbarograph chart from the ventilation survey.  The
microbarograph records the instantaneous changes in atmospheric
pressure on a chart calibrated in feet of elevation versus time.  The
chart provides a correction for the station altimeter readings.
The raw data from each development section ventilation survey
was entered into an “in house” ventilation survey processing program.
The program uses the manufacturer’s correction factors for
anemometer readings and corrects each station velocity reading.  The
two velocity readings are averaged for the specific station and
multiplied by the corrected area (total area minus sloughage area).
In order to determine the absolute pressure drop relative to the
collars of the intake shaft, an altimeter reading is taken at the top of
the shaft collar (absolute pressure is set to zero for this point).  The
data processing program uses the altimeter readings, psychrometer
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readings, station elevations, and microbarograph interpretations to
calculate the differential pressure from the surface to each
underground station in inches of water gauge.  The raw data and final
output from the ventilation calculation program for each development
section ventilation survey can be found in Appendix A.
To find the leakage between each set of stations (cut set) the air
quantities must be balanced.  Kirchhoff’s first law (equation 1) states
that the sum of the air quantities leaving a junction or cut must equal
the sum of the air quantities entering a junction(11).  Figure 2.3.1
shows a typical cut sequence balancing operation.
0  =∑Q (1)
Due to the error in anemometer readings the Qin and Qout usually
are not equal at cut sequence locations.  To balance the numbers the
following equations were used:






where QM is the midpoint of the Qin and Qout














where QB is the  summation of the quantities in a given direction
below the midpoint
QA is the summation of the quantities in a given direction above
the midpoint
CFB is the correction factor for the quantity below the midpoint
CFA is the correction factor for the quantity above the midpoint
BALANCEDBBB NN
QCFQ  =∗ (6)
BALANCEDAAA NN
QCFQ  =∗ (7)
where QBN is the individual quantity branch making up the QB
where QAN is the individual quantity branch making up the QA
After each cut set is balanced, the adjacent cut set must be
evaluated to determine the leakage.  The difference between the
balanced quantities in each entry at two adjacent cuts is the
leakage, which is taking place for the given segment.  For
junctions that involve a leakage branch equation 1 can be written
as follows:
OUTIN QLEAKAGEQ   =+ (8)
Each individual cut must be balanced with the preceding cut to
determine the leakage throughout the ventilation survey.
After a quantity balance has been conducted on the entire
section the pressures determined from the ventilation calculation
program must be balanced.  If an airway is to have a flow of air
through it, there must be a difference in pressure potential
between one end and the other so that air will go from the area of
higher pressure to the area of lower pressure(12).  The initial
pressure balancing process involves:
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1. Lay out the station locations in the survey.
2. Average the two pressure readings for each location.
3. Place the pressures on their appropriate locations.
4. Check to insure that air will flow in the correct direction due
to pressure differential.
Once the raw pressure balance has been conducted, a schematic
of the ventilation survey consisting of entry and leakage branches is
constructed.  The quantity values for each branch are placed in the
schematic.  A balance check program is then run to insure a proper
quantity balance was performed at each junction.
2.4 Ventilation Model
The pressure balance is then refined using a spreadsheet.  The
resistance values for each branch are determined in a spreadsheet.
Table 2.4.1 shows the spreadsheet format for the 13 D section of Mine
C.  The resistance of the airway is back calculated by using the





The expected pressure drop for a given airway Hf is calculated
from the airway characteristics using the Atkinson equation (equation
10)(11).  By comparing the raw balanced pressures against the
expected pressure drop determined from the airway characteristics (A,





H f = (10)
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When the two pressure differences (Hf and H) for the branch are
approximately equal, the final resistance is calculated from equation 9.
The spreadsheet provides the resistance and airway characteristics
for every branch in the schematic.  Dummy fan branches were added
to the schematic to define the boundary condition for the portion of the
mine from the starting point of the section to the mine fan.  Leakage
branches can be identified by the numeral one, located in the area
column.  Since leakage branches do not have a physical “area”, a
value of “1” is assigned to the area as a placeholder.  The number is
not used in the program calculations.  After all branches have been
pressure balanced, the spreadsheet data is downloaded into an
operational ventilation model.  Figures 2.4.1 - 2.4.5 show the base
models for each ventilation survey conducted on the development
sections.  The branch characteristics for each model can be found in

















Stopping workmanship and the materials used in the construction
of stoppings play a vital role in the control of leakage.  Section leakage
also depends on crosscut center distances and the pressure
differential across stoppings.  Greater crosscut distances reduces the
number of stoppings on a development section, thus the leakage is
reduced.  By increasing the pressure differential across stoppings by a
factor (n), the quantity leaking through the stopping is increased by a
factor equivalent to the square root of (n).  In order to properly
evaluate stopping performance, it is necessary to calculate the
resistance across a single stopping rather than to assess the leaking
air quantity.  The resistance method thus takes into account the
effects of crosscut distance or pressure differential on the leakage
quantity.
For longwall gate development, Bise suggested that design of
ventilation systems should allow for a 50% loss of air delivered to the
end of each panel due to leakage(2).  To become proactive with
leakage control, stoppings should be constructed of a material and in
a fashion that provides a high resistance factor.  Table 3.1.1 gives a
description of the type of return stoppings that were observed during
the five ventilation surveys.
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The return stoppings were constructed of blocks had dimensions
of 6-in. by 8-in. by 16 in.  The walls were dry-stacked in a “laid on
edge” fashion, 6 in. wide, and each row 8 in. high.  Mine D used metal
stoppings for return airways.  Each mine used a different type of
sealant on the stoppings.  Mine A used Dupont sealant, which is a
glue type sealant on the intake side of the stopping.  It should be
noted that the quality of the stoppings on the 4- E section was above
average compared to the same construction material used in Mine C,
which were categorized as average construction.  Mine B used B-
Bond a mortar based sealant with fibers on both sides of the stopping.
Tyvek® was installed on the intake side of the stopping.  Tyvek® is a
thermoplastic, spun-bonded, olefin sheeting, made by Dupont.  For
the two sections in Mine C, B-Bond was applied on the intake side of
the return stoppings only.  To seal the metal stoppings, Mine D used
Versi-Foam in the seams of the panels.
A quick and easy way to compare the performance of the various




LeakageSTOPPING   
 = (11)
The total leakage is found by subtracting the quantity reading inby the
last return stopping from the return quantity reading at the mouth of
the section.  It can be seen from Table 3.1.1 that the stoppings in Mine
B allowed the least amount of leakage per stopping (100.9 cfm).  This
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approach is simple, but it does not take into account the pressure
differential across the stoppings.  It is not sufficiently accurate when
conducting ventilation modeling and simulations.  Modeling leakage
should be based on the resistance that the stopping provides.
Leakage through return stoppings can be predicted more accurately if
the resistance across the stopping is known.
3.2 Stopping Resistance
The most accurate way to evaluate return stopping performance is
to compare the resistance value per stopping.  By comparing the
resistance, pressure differential will be accounted for.  Once the
resistance has been determined for a given stopping the effects of
pressure differential are reflected in the amount of leakage through the
stopping.  The resistance per stopping was determined to better
compare the four types of stoppings from the mines.
Airways are said to be connected in parallel when the total airflow
is divided among them.(11)  The leakage across a stopping line can be
considered a collection of parallel airways.  In the model, the leakage
between sets are represented as leakage branches that combine the
leakage of several stoppings.  Before the resistance per individual
stopping can be calculated, an equivalent resistance must be
calculated which represents the combined resistance of all leakage
branches.  The equivalent resistance branch must always be placed at
the midpoint of the section (location of the average differential
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pressure across the stopping line).  The general equation for the







Equation 12 permits the reduction of any number of parallel leakage
branches to a single equivalent leakage branch.
Once the equivalent resistance branch has been determined for
each section’s return stopping line, the resistance per individual
stopping can be calculated.  Assuming that the return stoppings
throughout the section have the same resistance, equation 12 can be
rearranged to ascertain the resistance per stopping (RS).
EQS RNR
2= (13)
where N is the number of return stoppings.
The section ventilation model provided the resistance for the leakage
branches found during each ventilation survey.  Using the resistance
for each leakage branch an equivalent resistance could be determined
for the development section return stoppings.  Tables 3.2.1–3.2.5
display the calculations and results for each section.  Resistance is
expressed in Kingeries (R x 10-10 in. WG/cfm2) form.
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Sum of Square Roots 0.087
Equivalent Resistance 133.504
 Number of Stoppings 32
Resistance per Stopping 136,708.2












Sum of Square Roots 0.038
Equivalent Resistance 679.56
Number of Stoppings 30
Resistance per Stopping 611,605.0
36












Sum of Square Roots 0.1001
Equivalent Resistance 99.83
Number of Stoppings 30
Resistance per Stopping 89,847.7








Sum of Square Roots 0.163
Equivalent Resistance 37.43
Number of Stoppings 9
Resistance per Stopping 3,032.1
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Sum of Square Roots 0.115
Equivalent Resistance 75.78
Number of Stoppings 28
Resistance per Stopping 59,412.5
Once the resistance per stopping was found for each section, it
was decided to further investigate the low resistance per stopping
results for the 13 D section.  Discussion with mine personnel lead to
the finding of a battery charging station ventilation hole in a return
stopping.  Since the hole was missed on the ventilation survey, the
results for the 13 D return stoppings were dismissed.  Using the
resistance per stopping process to access the performance of the
return stoppings, their ranking (least to highest resistance) is as
follows:













A Metal Versi-Foam Int. Side Average 59,400
B Block B-Bond Int. Side Average 89,900
C Block Dupont Int. Side Abv. Average 137,000
D Block B-Bond/Tyvek Both Average 612,000
*Resistance Values are in R x 10-10
From Table 3.2.6 it can be seen that the Type D stoppings in the 6
Left section of Mine B provided the highest resistance, while the Type
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A stoppings in the 9 Right section of Mine D provided the least
resistance.  With the application of Tyvek® and both sides of the
stopping sealed, a high resistance to leakage should be expected.
3.3 Equivalent Resistance Test
The function of an equivalent resistance branch is to provide the
same leakage for a return stopping line that was found by n leakage
branches in a ventilation model.  Instead of using a resistance per
stopping value, which would mean placing a leakage branch at every
return stopping location, the equivalent resistance leakage branch can
be placed in the model to account for the total number of return
stoppings on the section.  In order to test the parallel resistance
formula and the equivalent resistance calculation, the equivalent
resistance values were substituted into the section models (Figures
3.3.1-3.3.5).  A single leakage branch was placed at the midpoint of
each return with its respective equivalent resistance.  The model for
each section was then ran to compare the quantities in the return at
both the face area and at the mouth of the section.  If the equivalent
resistance is correct the quantities at both location should match the
quantities in the model that was constructed from the ventilation
survey.  Tables 3.3.1-3.3.5 provides the branch characteristics for
each section equivalent resistance test model.  It should be noted that
the equivalent resistance for the 6 Left section was determined from















As can be seen from Figures 3.3.1-3.3.5 compared to figures
2.4.1-2.4.5 the equivalent resistance test was within ± 200 cfm of the
return face reading and mouth of section return reading determined in
the original ventilation model for each section.  Therefore by
substituting an equivalent resistance branch, calculated from the
parallel resistance formula, an accurate prediction of leakage can be
made in ventilation simulations.  The equivalent resistance branch
eliminates the need to include a leakage branch at every return
stopping for a given development section.
3.4 Uses of Equivalent Resistance Branches
Ventilation simulations are conducted to predict future
requirements of the ventilation system.  The worst case situations
(most difficult position of mining activity on a fan) are modeled to
determine the following:
1. The amount of headings that will be required.
2. The need for shafts, shaft location and diameters.
3. The type of fans needed to provide an adequate amount of air.
4. The most cost efficient way to ventilate future projects.
To accurately predict the ventilation requirements of the system,
development section return stopping leakage must be modeled.
Knowing the resistance per stopping for the various types of stoppings
enables one to construct equivalent resistance tables for leakage
prediction.  Using Equation 13 to determine the equivalent resistance
for n number of stoppings, one  can develop a table for each type of
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return stopping.  From the resistance per stopping and the number of
stoppings that are being modeled, an equivalent resistance can be
determined.  Tables 3.4.1-3.4.4 were developed to aid in determining
the equivalent resistance for n number of stoppings.  To use the
charts for development section return stoppings the following
procedures should be followed:
1. Determine the distance the section will be advanced by use of
timing maps.
2. Determine the number of crosscuts for the section (include track
chutes).
3. Determine what type of stoppings will be built.
4. From the appropriate stopping chart, find the equivalent resistance
that corresponds to the total number of stoppings.
5. To use the equivalent resistance value in simulations, connect the
entries in question with a leakage branch, i.e. track to return
leakage, at the mid-point of the two branches.  It should be noted
that the equivalent resistance branch must always be located at
the mid-point of the section.
6. Give the leakage branch the resistance value that was obtained
from the equivalent resistance chart.
The equivalent resistance process allows leakage to be modeled
in accordance with the changes in fan pressure and mine
development thus simulating leakage through the return stoppings.
The relationship between the equivalent resistance and number of













Mine ventilation is an important aspect of the total mining system.
The primary function of mine ventilation is to provide a safe working
environment.  The ventilation system must also be designed in a
manner to minimize operating cost and capital investment.  To control
the capital investment on shafts, additional fans, and entry
development, a proper ventilation system design is essential.  An aid
in the design of future projections is ventilation simulations.  Although
ventilation simulations can help in the determination of ventilation
requirements, they are only as accurate as the assumed parameters
used to run the simulations.  The leakage that is assumed in
ventilation modeling should be determined as accurately as possible.
Leakage is can cause excessive power cost with little or no
benefit.  Controlling leakage will minimize fan work thus reducing
power cost.  Reducing leakage is also important to achieve required
last open break quantities.  Depending on the mining environment,
high face quantities may be necessary for dust and methane dilution.
Minimizing leakage makes these high quantities more easily
attainable.
In order to predict leakage, stopping performance must be
evaluated.  This evaluation involves the determination of resistance
across development section return stoppings.  Leakage across
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stoppings is dependent upon pressure differential and resistance
across the stopping.  To determine the resistance across stoppings, a
detailed ventilation survey must be conducted on the continuous miner
development section.  Once the survey data has been compiled a
model of the section can be created.  The model provides the branch
resistance values for each leakage branch.  Using the parallel
resistance formula, an equivalent resistance can be calculated to
combine the resistance of all stoppings between two entries.
Once the equivalent resistance is determined the resistance per
stopping can be calculated.  The resistance per stopping value is the
best means of stopping performance evaluation.  The Type D
stoppings (block with B-Bond/Tyvek and plastered on both sides)
performed the best.  The high resistance value minimized average
leakage per stopping to 100 cfm.  By knowing the resistance values
for each type of stopping, predictions can be made for future
projections.
To insure the procedure was correct a test was run to check the
equivalent resistance formula.  Substituting in the equivalent
resistance branch and checking quantities after running the model
showed the procedure was a reasonable approach.  The quantities
were within 99% of the original values taken from the ventilation
surveys.
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Tables and charts were created for each type of stopping to help
in ventilation simulations.  The tables and charts permit to model the
section as it progresses; i.e. as additional stoppings are built.
Simulations can be run to model the effects of using the different types
of stoppings on the development section.  The tables provide the
proper equivalent resistance for the stopping using the total number of
stoppings as the determining factor.  This allows for proper leakage
simulation, and enables a more precise model to be constructed.
Accurate simulations can assist in ventilation system planning.
The reduction of leakage can save on operating cost and capital
investment by the following:
• Increasing the air quantity available on the development
section.
• Significantly reducing power cost by operating fans at lower
pressures.
• Construction of ventilation shafts may be delayed by extending
the distance between shafts or possibly eliminating the need
for shafts, thus reducing the capital expenditure for shaft
construction.
• The number of entries in mains and submains development
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